However, it remained to be determined whether these four sensor locations that were arbitrarily chosen based on their role in motor control are indeed the most optimal for FOG detection. The aim of this study was therefore to determine the most optimal location and combination of sensors to detect FOG amongst a 32-channel EEG montage using our EEG classification system. EEG measures, including power spectral density, centroid frequency and power spectral entropy, were extracted from 7 patients with PD and FOG during a series of Timed up and Go tasks. By applying a feed-forward neural networks to classify EEG data, the obtained results showed that even a small number of electrodes suffice to construct a FOG detector with expected performance, which is comparable to the use of a full 32 channels montage. This finding therefore progresses the realization of a FOG detection system that can be effectively implemented on a daily basis for FOG prevention, improving the quality of life for many patients with PD.
I. INTRODUCTION
Freezing of Gait (FOG) is a highly disabling symptom that affects approximately half of all Parkinson"s disease patients, especially in the advanced stages of the disease. Clinically, FOG is defined as a "brief, episodic absence or marked reduction of forward progression of the feet despite the intention to walk" [1] . This study therefore investigated periods of Freezing with periods of effective forward progression of the feet, hereafter called 'Effective walking' (EW).
Our group has recently demonstrated that surface electroencephalography (EEG) can be used to demonstrate specific brain signal changes that herald an episode of freezing of gait (FOG) when patients are walking. In addition, FOG can be detected and predict using only four channels EEG system representing four main brain regions hypothesized to be involved in physiological processes underlying FOG [2] . An early detection algorithm for FOG has been developed based on those locations by analyzing energy power, correlation and brain connectivity of EEG signals, providing a significant progress in the development of novel treatments [2] . However, it remains unclear whether these four channels are indeed the most sensitive location for FOG detection and prediction. Therefore, the objective of this study was to determine the best locations and the most effective number of leads for detecting FOG using EEG signals; which demonstrated as a part of our unified framework. This information would greatly assist with the clinical translation of a FOG detection device since fewer sensors will improve computation efficiency, robustness of the classification system and convenience for the use of ambulatory EEG by patients.
In this study, data from 7 patients with advanced Parkinson"s disease and FOG were used. Different EEG parameters in the form of Power Spectral Density (PSD), Centroid Frequency (CF) and Power Spectral Entropy (PSE) were extracted and analyzed to find important features that were significantly changed during FOG. The features from each single channel were then employed as inputs for neural networks to classify patients" conditions during two stages: EW and freezing. The neural networks were trained and tested with the input of each separate channel among 32 channels at a time. The sensitivity and accuracy were measured based on mean of 50 times trials.
The purpose of this study was to determine the value of limited EEG montages viewed with EEG reformatting capability for the identification of FOG. We used input from one channel, two channels, four channels, six channels, seven channels and 32 channels at a time to find the optimal EEG configuration for the detection of FOG. We postulated that a combination of leads recording information from regions involved in motor and cognitive control as well as the integration of sensory information would be most likely. EEG data was acquired using 32 Ag/AgCl scalp electrodes from a Biosemi ActiveTwo system with the 32 electrodes positioned over the main cortical regions: frontal (motor planning and working memory), central (motor execution), parietal (sensory integration), temporal (memory and sensory processing) and occipital (visual area). References were taken by averaging 2 electrodes placed on the ear lobes. The recording was segmented to 1-second durations and digitized at 512 Hz.
II. METHODS

A. Data Collection and
In this study, 343 seconds of EEG data samples of EW and 343 seconds of EEG data samples of FOG from 7 PD patients were collected and filtered (0.5-50 Hz) using EEGLab toolbox.
B. EEG Montages Systems
The strength of the alteration of the EEG signal parameters differ from one location to another. Therefore, the following factors were analyzed for their influence on accuracy of FOG detection:
1. Combination of four affected channels representing frontal, central, parietal and occipital regions.
2. Combination of channels experienced similar PSD pattern underlying FOG episodes.
C. Feature Extraction
In order to eliminate differences between electrodes and individual subjects, a Z-transformation was applied to normalize EEG data. After pre-processing, PSD, CF, PSE were extracted. The EEG signals were filtered using a nonlinear IIR band-pass filter with a cut-off frequency lower than 1 Hz and higher than 50Hz to remove artefacts. Based on our previous work, sub-band delta (1-4 Hz) did not contributed to FOG detection; therefore, in this study we focused on four frequency bands, namely: theta (4-8 Hz), alpha (8-13 Hz), low beta (13-21 Hz), high beta (21-38 Hz) [2] . The beta frequency band was divided into high and low band, based on previous findings showing that high beta frequencies correlate with freezing [3] .
 Power Spectral Density PSD shows strength of the energy as a function of frequency. It implies stationary process during the time window. In this study, the spectra are calculated via Welchs method using a 256 point Fast Fourier Transform (FFT) and periodic Hamming windows with an overlap of 50%. It is defined as P(f).

Centroid Frequency
Furthermore, we calculated the balance point for the area under the curve representing PSD. CF has been reported as the shift in the center of gravity of a frequency band based on normalized power spectrum [2] . CF is defined as:
Single neurons are highly nonlinear elements, and more nonlinearity is found in the neuronal group level with multiple feedback loops at different levels of distributed and interconnected cortical processing. Entropy was used as an index of EEG complexity or irregularly based on Shannon"s Information Theory [2] . PSE of EEG signals x is defined as:
D. Classification
The mean, maximum and minimum values of PSD, CF, and PSE from 32 electrode"s location of four EEG frequency bands were taken to evaluate their strength in detecting freezing. A Wilcoxon Sum Rank Test with p value ≤0.05 was used to investigate significant differences between periods of EW and periods of FOG. Cohen"s d effect sizes were also applied to check the most significant difference between EW and FOG conditions with d≥0.4. These significant features were used as the main parameters for evaluating the best electrode locations to detect FOG events in PD patients.
The features were fed into feed-forward neural networks with 2 to 8 hidden nodes to classify the pattern into two categories: EW or FOG. Levenberg Marquardt"s algorithm with early stopping was used to train 34% of the data, followed by validation and testing of by 33% and 33% of the total data. The sensitivity and accuracy were measured based on the mean of 50 times runs.
III. RESULTS
A. Feature Extraction  Power Spectral Density
The general PSD pattern during freezing is shown in Fig.  1 . A comparison of EEG frequency band power during the two conditions (e.g. EW vs FOG) showed that high beta band stood out as the most affected sub-band during freezing (p<0.0001) regardless of the position of the EEG channel. The low beta band showed the same pattern with a significant increase in frontal and central cortical region during the episode of FOG (p<0.0001). In addition, there were remarkable increases in alpha power in the four main regions of the brain during the period of FOG. Overall, compared to the EW period, FOG was associated with significant shifting in these three sub-bands alpha, and low-high beta in frontal When the effect size d was taken into account, the high beta alteration was strongest in frontal F3 and central C4; with remarkably increased power in these two locations. In the parietal locations, episodes of freezing were associated with a large increase of power in low-high beta frequency with P4 appearing as the most affected location. In occipital region, O2 appeared as the location with the largest increase in the high beta band (Table I-III) .
 Centroid Frequency
The CF analysis revealed the shifting of centroid frequency in theta, low and high beta in almost all of 32 channels during freezing episodes (p<0.0001). The CF high beta stood out as the most affected frequency band from EW episode to FOG episode with the largest shifts in the frontal lead F3, central lead C4, followed by occipital O2 and parietal P4. When compared to the effective walking, episodes of freezing were associated with significant shift in theta frequency band with the largest shift of CF in frontal and central leads such as F3 and C4 (Fig. 2) . This suggests that frontal-central cortical regions were more affected than parietal-occipital region in term of CF features. This is aligned with function Magnetic Resonance Imaging (fMRI) studies in which freezing provoked by a virtual reality gait paradigm was associated with alterations in the presupplementary and primary motor areas, presumably as a compensatory strategy to overcome reduced automaticity of gait [4] .
 Power Spectral Entropy
The results of our entropy analysis showed that there was an increase of entropy in the two frequency bands theta, and high beta in most locations during freezing episodes. The most significant change was detected in PSE theta in frontal F3, central C4. There were also significant increases in the regularity of high beta activity in frontal F3, central C4 and occipital O2.
B. Scalp Topographies:
EEG data samples of FOG events were processed and analyzed using EEGLab toolbox. They were categorized separately into three bands: theta, low beta and high beta and summarized into a color-coded map in the form of scalp topography. Fig.3 displays the topographic distribution of spectra power represented for the three bands: theta, low beta and high beta underlying FOG episodes.
The power values were calculated and transferred into the corresponding values using an interpolation method in order to produce a smooth surface of the scalp topography. Each oval topography depicts a view of the head from above with frontal areas at the top. For individual scalp topography, each electrode zone is colour coded to indicate how much activity it contains compared to other regions, with a blue colour indicating reduced power and a red colour spectrum indicating increased power. It is observed that the theta power escalation spreads within central and frontal locations while the low-high beta power increased significantly in F3, C4, P4 and O2 locations. This finding is strongly consistent with multiple studies that have shown a relationship between FOG and impairments within both visual-attention (P4-O2) networks and motor planning-executive network (F3-C4) in the human cortex [2, 4] .
C. EEG Montages Systems
Based on the result from feature extraction and from classification system using single channel as input, we designed the three EEG montages systems that might facilitate the identification of FOG arising from four main cortical regions. These systems were also compared with previous finding to validate that they are the most affected locations of the brain during FOG in many fMRI studies [5] .
EEG System 1: Four most affected channels among 32 channels during FOG. The EEG montages were F3, C4, P4, and O2.
EEG System 2:
Six channels experienced a significant increase in four sub-bands: theta, alpha, low-high beta. The montages were FC1, FC2, Cz, CP1, CP2 and Pz.
EEG System 3:
Seven channels experienced a significant increase in only three sub-bands: alpha, low-high beta. The montages were as follows: F3, F4, C3, C4, P3, P4, and Oz.
D. Classification results
The neural networks were developed with inputs corresponding to significant data (p<0.05) from 1, 2, 3, 4, 6, 7 and 32 EEG channels as shown in Table V .
The classification results using input from single channel location at a time showed that the central regions were the best area for detecting freezing events. Indeed, C4 seemed to be the best location to detect freezing with 70.88% sensitivity and 69.13% accuracy. Frontal F3 and parietal P4 provided strength as an indicator of FOG, with 70.29% and 69.59% sensitivity, respectively. These two locations achieved similar accuracy in detecting FOG with 68.93%. The best performance of classifier using a single channel from the occipital region was with O2, which had 70.72% sensitivity and 66.60% accuracy (Table IV) .
The performance of the detection of FOG using the combination of these 4 different channels was also studied. In the systems using input from two to four locations, C4O2 appeared at the best combination of two channels to detect freezing with sensitivity of 72.54% and an accuracy of 69.71%. The combination from 4 locations that provided the best indicator of freezing was F3C4P4O2 with 72.29% sensitivity and 70.29% accuracy.
As the results shown in Table V, the neural networks based classifier with inputs obtained from six locations in System 2 provided 70.23% sensitivity and 68.93% accuracy. The sensitivity of the system was improved slightly with 70.94% when using the input from 7 locations of System 3. Interestingly, when taken all the 32 channels as an input, the H=number of hidden nodes; Sens= sensitivity; Acc= accuracy classification system provided the sensitivity of 72.20%; which is lower than that of the two channels system C4O2.
IV. DISCUSSION
The finding that the high beta oscillations in the human cortex increased and remained high across all the brain regions during the period of freezing is consistent with previous studies. This finding suggest that high beta frequencies are likely to operate the neural communications for a stopping network in which the beta power increase in order to prohibit the movement of PD patients during FOG episodes [6] .
Our goal in evaluating differing montages was to find a minimum number of electrodes strategically placed to maximize the identification of FOG. This study revealed that optimal FOG detection was achieved when using an EEG system with only 2 channels C4-O2. These results supported the notion that increasing the number of EEG channels did not improve the diagnostic accuracy of FOG detection as fewer channels might promote less noise and artifacts. These results are closely aligned with several previous fMRI studies in which the motor lead C4, planning motor lead F3, parietal lead P4 and visual lead O2 are recording over regions that have been implicated in the pathogenesis of FOG in PD [4, 5] .
V. CONCLUSION
Although limited to seven patients, this paper demonstrates that FOG would be detected effectively using an EEG system with only 2 input channels. Further studies using larger sample sizes are now required to confirm these preliminary findings and further delineate the specific neural networks provided a better performance of FOG detection and prediction system.
